inositol 5-phosphatase activity, and the Drosophila melanogaster mutant ipp (Acharya et al., 1998), which is an inositol polyphosphate 1-phosphatase, both show defects in synaptic vesicle dynamics. The mouse mutation opisthotonus, which causes seizures and ataxia has been observed in obligate heterozygotes.
Figure 1. Hematoxylin and Eosin Staining Shows Neuroanatomical Abnormalities in Mutant Mice
(A) Shows the cerebellum of an affected mouse at P4 (Ϫ/Ϫ indicates the homozygous mutant Inpp4a wbl/wbl genotype), and (B) is an unaffected littermate at P4 (ϩ/ϩ indicates the wild-type Inpp4a ϩ/ϩ genotype). Scale has been preserved between (A) and (B). (C) Shows similarly the cerebellum of an affected mouse at P8, and (D) shows an unaffected littermate at P8. (E) Shows the cerebellum of an affected mouse at P21. Scale was preserved between (C), (D), and (E). Note that at P4 the cerebellum appears normal; at P8, the proper cortical layers and folia are present, although the folia appear poorly developed; by P21, the cerebellum has almost completely degenerated. (F) Shows the hippocampus from an affected mouse at P21, and (G) is an unaffected littermate at the same age. Note the thinning CA1 region in the P21 affected mouse, arrow.
Using histological analysis, we discovered that weeis just prior to death in weeble mice and past the completion of normal cerebellar development. No significant ble mice have a severe defect of the cerebellum and hippocampus, associated with cell death of a subset differences are seen at P4 ( Figures 1A and 1B) . At P8, the cerebellum in the homozygotes is grossly smaller of neurons during postnatal development. Homozygous weeble and control mice were examined at P4 and P8, and immaturely formed compared to controls; however, folia and appropriate cortical layers are present (Figures before a locomotor defect is visible, and at P21, which 1C and 1D). At P21, the cerebellum has degenerated revealed the occasional pycnotic nucleus and foci of reactive microgliosis, particularly in the deep layers of further ( Figure 1E) , and pronounced pyramidal cell degeneration is noted, specifically in the CA1 field of the the cerebral cortex, no other major abnormalities are evident (data not shown). hippocampus ( Figures 1F and 1G ). Closer inspection of the CA1 region at P21 shows only a few normal-looking Calbindin immunostaining was used to visualize cerebellar Purkinje cells in early postnatal development. Alpyramidal neurons and an occasional neuron with a pycnotic nucleus, suggestive of apoptotic cell death. Although weeble Purkinje cells form a monolayer at the proper location between the developing molecular and though a detailed examination of the rest of the brain granule layer (EGL); however, in later stages, internal ‫0021ف‬ F2 progeny from C57BL/6J-A w -wbl/ϩ ϫ CAST/ EiJ matings. Several mice carrying recombinant chrogranule cells are reduced in number. These data suggest that the granule cell loss may be secondary to the Purmosomes enabled us to narrow the interval further (Figure 4A) . One marker was derived from the 3Ј untranskinje cell loss.
TUNEL staining was used to determine whether the lated region of the gene Inpp4a and was known to localize to a yeast artificial chromosome (YAC) that cell loss is apoptotic. At P21, TUNEL-positive granule cells were observed in weeble mice, while none were flanked the critical interval. The 3Ј UTR of Inpp4a was polymorphic in the mapping cross and was determined seen in the wild-type controls ( Figures 3A-3D) . At an earlier time point (P12), TUNEL-positive granule cells to be nonrecombinant with weeble in ‫0042ف‬ meiotic events. By using Inpp4a as a starting point, a highare seen in both wild-type (as part of normal development) and affected mice, but there are significantly more density genetic and physical map was created from a minimal tiling path of three bacterial artificial chromoapoptotic cells in the affected cerebellum (data not shown). Although TUNEL staining was not observed in somes (BACs), eventually allowing the critical interval to be reduced to 0.2 cM. Purkinje cells at either time point, apoptosis was seen in the CA1 region of the hippocampus and also sporadically throughout the cerebral cortex of P12 mutant mice Putative Null Mutation Identified in Inpp4a Inpp4a RNA could not be detected in weeble mutant at a much higher frequency than in control littermates ( Figures 3E and 3F and data not shown) . mice, either by blot analysis ( Figure 5A ) or by more sensitive RT-PCR (e.g., Figure 5B ). A genomic sequence-based PCR assay based on draft BAC seInpp4a as a Positional Candidate The weeble mutation (allele symbol wbl) was linked to quences, kindly provided by the Washington University Genome Center, was designed to identify the mutation. genetic markers on the centromeric half of chromosome 1, and its critical interval was narrowed by genotyping A candidate polymorphism was found in exon 10 in affected mice but was absent from the coisogenic cannot be excluded, especially since the mice do not survive to adulthood. C57BL/6J-A w DNA, strongly suggesting that this change is causally associated with phenotype. The underlying mutation was determined to be a deletion of a single Discussion nucleotide (⌬744G, Figure 4B ), and the resulting frameshift is predicted to create a stop codon at amino acid Weeble mutant mice have a severe neurological phenotype characterized by cell loss in the cerebellum and 263. This mutation would truncate most of the 939 amino acid protein including the active site.
hippocampus. In the cerebellum, there is evidence for progressive Purkinje cell loss starting as early as P6. However, when present in weeble mice, the Purkinje Expression Analysis of Inpp4a The expression profile of Inpp4a is generally consistent cells are at least localized properly, and dendritic arbors are seen in a few more normal looking cells. The arbor with the disease phenotype. Inpp4a was isolated originally from rat brain; however, little else was known preitself can be quite extensive; therefore, the mutation does not appear to affect arbor development. At P6-P8, viously about its expression. Strong expression was observed in total RNA from brain and cerebellum (Figure the cell density of the external granular layer (EGL) appears normal, but there are fewer postmigratory granule 5C). Expression elsewhere is detected only by RT-PCR (data not shown) and in normalized EST libraries derived cells. Prior to P12, the proper folia and cortical layers are still present, although the cerebellum is notably from diverse tissues. An in situ hybridization was performed on control brains from P16 mice to determine smaller. By P21, the cerebellum in affected mice has almost completely degenerated. In the hippocampus, which cell types express Inpp4a. The highest levels of expression are seen in the cerebellar Purkinje cells, the CA1 subfield is grossly intact during early postnatal development, although apoptosis is observed as early whereas granule cells have more moderate levels (Figures 6E and 6F, inset in 6F). Moderate levels of expresas P12, and most CA1 pyramidal neurons are lost by P21. Higher than normal numbers of apoptotic cells were sion are also seen throughout the brain, including in the hippocampal subfields, notably CA1, as well as in the also observed from P12 in the granular layer of the cerebellum and sporadically throughout the cerebral cortex. dentate gyrus (Figures 6A and 6D) . The expression pattern was comparable at P8 (data not shown). Although
The apoptosis seen in the cerebellum of the affected mice was most obvious in the postmigratory granule Inpp4a expression and phenotypic effects are most evident in the brain, a critical function for Inpp4a elsewhere cells, most likely due to the normal process of "pruning An alternative mechanism for the neuronal death in absence of Inpp4a RNA products in weeble mutants Inpp4a wbl mutant mice is a proliferation defect. Lack of and genomic DNA sequencing led to the identification of INPP4A activity would presumably prevent the breaka single base deletion in exon 10, resulting in a frameshift down of PtdIns(3,4)P 2 , which is produced by the activaleading to a premature stop codon prior to the phosphation of PI3-K by various growth factors. PtdIns(3,4)P 2 tase active domain. The combination of the mutation was shown to directly bind and regulate Akt, a protoonand the lack of Inpp4a RNA (presumably resulting from cogene shown to be critical for neuronal survival during nonsense-mediated decay) strongly suggest a funcdevelopment (Dudek et al., 1997) . If the lack of Inpp4a tional null allele. Although there were obviously severe leads to an accumulation of PtdIns(3,4)P 2 , then Akt may consequences of Inpp4a mutation during postnatal debe inappropriately activated, which may cause hypervelopment, it is intriguing that Inpp4a is not required proliferation. It has been shown that neurons which are during early neuronal development despite the fact that forced to reenter the cell cycle by an ectopically exit has been identified in embryonic cDNA libraries. Prepressed oncogene will undergo apoptosis rather than sumably, Inpp4a is unnecessary for the survival of predivide ( ITPR1 is highly expressed in the dendrites of Purkinje as described below to identify P4 and P8 affected mice, which Candidate Gene Evaluation Brains from affected, unaffected littermate, and wild-type C57BL/ cannot be visually identified. In brief, brains were removed and placed in 3.7% paraformaldehyde (PFA) overnight, followed by re-6J-A w mice were collected. Total RNA was isolated using Triazol Reagent (Life Technologies) as per manufacturer's instructions. RTpeated washes with 70% ethanol. Brains from older mice were fixed by transcardial perfusion with 3.7% PFA. Brains were paraffin em-PCR was carried out on 100 ng of template RNA from affected and unaffected controls using the Titan-one RT-PCR kit (Roche). The bedded and serially sectioned in the saggital plane at 6 m thick. Sections were mounted on Poly-L-Lysine (Sigma) coated slides.
following primer pairs were used: RT1F(ATGACAGCAAGAGAGCAC AG), RT1R(CATTGTTCCCTGAGATCTGTC); RT2F(GACTGTGTGGC Sections were stained using the following series of incubations and washes: xylene, 10 min, two changes; 100% ethanol, 5 min, two CATGATGAG), RT2R(GTCTGTTGCTCATTGATGCC). PCR products were electrophoresed on a 1.5% agarose gel. changes; 95% ethanol, 3 min; 70% ethanol, 3 min; distilled water, 10 min; Meyer's hematoxylin, 5 min; tap water, 10 min; eosin, 5 A genomic sequence-based mutation assay was designed from public BAC sequence. Primers were selected to amplify the entire min; 95% ethanol, 5 min, two changes; 100% ethanol, 5 min, two changes; xylene, 10 min, two changes. Sections were visualized exon and a certain amount of flanking intron sequence. PCR was carried out as before, and products were analyzed by single-strand and imaged on a Nikon eclipse microscope using a Spot RT camera and Photoshop ( ethanol; 100% ethanol, 2 min. Slides were air dried prior to hybridization. Riboprobes were synthesized using the RNA Transcription Kit for SNPs, products were analyzed on a nondenaturing polyacrylamide gel. The polyacrylamide gels were visualized by autoradiog-(Stratagene). In brief, the PCR product used as a probe for the Northern blot described above was cloned into pCR4 Topo (Inraphy. vitrogen). Clones were sequenced to verify the orientation and sequence of the insert. Plasmids were linearized, and sense and antiPhysical Mapping sense probes were made using T3 and T7 polymerase, respectively, The RPCI-23 High Density BAC Membrane (Research Genetics) was and 33 P-UTP (NEN) as the label. To ensure the quality of the probe, used to construct a BAC contig across the disease interval. A marker 1 l was electrophoresed on an agarose gel and exposed to film known to be completely linked, R74740 [F(CTAAGCTGGGCAAATC overnight. The predicted sized product was obtained. The probe CAAG), R(TCCCCATTTAAAGGAACGTG)], was used as a probe to was diluted to 70,000 cpm in a hybridization solution (50% foridentify BAC clones from a high-density membrane. The marker was mamide, 20% dextran sulfate, 5 g/ml tRNA, 10% hybridization salt, PCR amplified as described above, except no radionucleotides were 0.1M Tris [pH 8.0], 3M NaCl, 50 mM EDTA, 0.1 M NaH 2 PO 4 , 0.2% PVP, used, and electrophoresed on a 1.5% agarose gel containing ethi-0.2% Ficoll). The probe was incubated on the sections overnight at dium bromide. The appropriate band was excised under UV light 60ЊC. Slides were washed in a series of solutions in the following and recovered using the Qiaquick Gel Extraction Kit (Qiagen). PCR order: 5ϫ SSC at 60ЊC, 30 min; 50% formamide/2ϫ SSC at 60ЊC, product (50 ng) was labeled with dCTP-P 32 using Ready-To-Go La-30 min; NTE at 25ЊC, 10 min; NTE at 37ЊC, 15 min; RNase in NTE (1 beling Beads and recovered with ProbeQuant G-50 Microcolumns g/ml) at 37ЊC, 15 min; 50% formamide/2ϫ SSC at 60ЊC, 15 min; (Amersham Pharmacia) as per manufacturer's instructions. The 2ϫ SSC at 25ЊC, 15 min; 0.1ϫ SSC, 15 min; 50% ethanol; 70% RPCI-23 BAC membrane was prehybridized for 2 hr [50% (v/v) forethanol; 95% ethanol; 100% ethanol, 2 min each. Slides were air mamide, 7% (v/v) SDS, 1 mM EDTA, 5ϫ Denhardt's solution, 32 mM dried and exposed to film overnight. Slides were then dipped in Na 2 HPO 4 , 8 mM NaH 2 PO 4 , 200 ug/ml single-stranded DNA] after emulsion and incubated for 1 week at 4ЊC then developed. which 2 ϫ 10 7 cpm of denatured probe was added. The probe was hybridized to the membrane overnight at 42ЊC. The membrane was washed with increasingly stringent conditions and ultimately Acknowledgments washed at 65ЊC for 15 min with 0.1ϫ SSC/0.1% SDS. The membrane was visualized by autoradiography after an overnight exposure. End
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